and pharmacological agents also cause constriction of the ductus (4, 5, 25, 31, 33, 40) it has been suggested (25) that the constrictor effect of oxygen may be achieved indirectly through the release of a transmitter substance from "oxygen receptor cells" within the vessel rather than directly by a constrictor action of oxygen on ductal smooth muscle. Atropine and dibenamine fail to block the oxygen response (25), but there is no assurance that these or other autonomic blocking agents can reach the site of action of an endogenously produced transmitter, nor is it always possible to find a specific antagonist for a hypothetical transmitter. Even granting that the response of the isolated ductus does not involve specialized cells, it has been argued (4, 5, 31, 33) that closure of the ductus in vivo is due, at least in part, to the influence of constrictor agents other than oxygen. This argument is based on previous observations which suggested that the oxygen pressure required to cause closure of the ductus in vitro (31) is higher than that which is associated with closure after birth (10).
The present experiments were designed to determine the cellular site of action of oxygen and to describe the biochemical basis for the contractile effect of oxygen. The results suggest that oxygen triggers vasoconstriction by increasing the rate of oxidative phosphorylation within smooth muscle cells of the ductus. Furthermore, the observed sensitivity to oxygen in vitro is greater than previously reported and can account quantitatively for postnatal closure of the ductus in vivo.
METHODS

General
The ductus arteriosus from a newborn guinea pig was mounted so that its lumen and outer surface could be independently exposed to solutions of different oxygen pressure (Paz) during isometric measurement of muscle tension. The effects on muscle tension of various contractile agents and metabolic poisons were determined, including the action of light in the presence and absence of carbon monoxide.
Oxygen consumption (Qoz> of the ductus  arteriosus  was measured  during  isometric  contraction  induced  by oxygen and acetylcholine.  Physiological  results  were correlated with morphological studies based on light and electron microscopy.
Operative Procedure
Pregnant guinea pigs at full term were killed by a blow to the head and the neonates delivered within 2 min by cesarean section. The neonates breathed spontaneously and were used for an experiment within the ensuing 24 hr. That the cesarean deliveries were actually performed within a few days of the spontaneous delivery date was confirmed by comparing the weights of the neonates with those reported by Draper (11) for guinea pigs as a function of fetal age. The newborn guinea pigs were killed by a blow to the head, and after opening the thorax, the ductus arteriosus, pulmonary artery, and aorta were cleared of adhering connective tissue. The main pulmonary trunk was cut between ligatures; the ductus itself was cut at the junction with the aorta, and the pulmonary artery was cut as it emerged from the right ventricle.
The :vhole preparation was placed in Krebs-Ringer-bicarbonate saline equilibrated at 37 C with 95 % N2-5 % COZ. The ductus was the ductal lumen was perfused with 200X its volume per minute, thus minimizing changes in perfusate Paz during passage through the ductus itself. Drugs were injected into the organ bath in concentrated solution or introduced by rapidly replacing fluid in the chamber from one of the two reservoirs.
In those experiments where it was not essential to control luminal Paz precisely, rings of ductus arteriosus were used without perfusing the lumen. The vessel was slipped over a single stainless steel pin attached to the micrometer and then a hook connected to the force transducer was inserted into the lumen of the vessel. The only difference between the two types of preparation was a small shifting to the right of the relationship between muscle tension and PO:! in the "ring" preparation. To test the effect of light on muscle tension, a 35-mm slide projector (300-w tungsten lamp) was positioned just outside the organ bath with its light beam aimed directly at the ductus preparation.
A photoconductive cell was placed on the far side of the organ bath. Light intensity, force of contraction, and POT were recorded on a Grass polygraph (Grass Instrument Co.).
Oxygen Consumption Measurement
Oxygen consumption was measured on 10 ductus preparations by techniques developed previously (12). The method is based on the difference in oxygen pressure of the inflow and outflow of a tissue perfused at constant flow; the difference in Pox could be determined with an error of less than 1 mm Hg at any predetermined inflow Po2. Oxygen consu,mption was calculated using the Fick principle and the solubility of oxygen in Krebs-Ringer at 37 C. constricted after removal from the animal but dilated fully after 10 min exposure to anaerobic conditions; it was then easily mounted in the apparatus for measuring muscle tension or oxygen uptake.
Measurement of Muscle Tension
Tension measurements were made on 170 ductus preparations. The preparation was slipped over the perfusion cannula shown in Fig. 1 so that the ductus rested on the three fine supporting wires; the pulmonary artery was tied to the stainless steel cannula and the perfused preparation was lowered into the organ bath. A fine hook attached to a force transducer (Grass Instrument Co., FT 03) was inserted into the lumen of the ductus as shown in the insert of Fig. 1 ; tension under anaerobic conditions was adjusted by means of the micrometer to about 0.5 g. The Paz of the organ bath was varied by bubbling gas of known oxygen content through the bathing solution; all gas mixtures were analyzed with a Pauling oxygen meter (Beckman Instruments). The silicone rubber tubing of the perfusion apparatus allowed for complete equilibration between the perfusate and gas as verified by measurement of PO:! in both phases with an oxygen electrode (Instrumentation Laboratory).
Thus by varying the Pea of the gas in the equilibrator, the PO:! in the ductal lumen could be altered in a controlled manner. The perfusate was brought to 37 C during passage through 18-G stainless steel tubing submerged in the organ bath. By varying pressure on the fluid reservoir ( Fig. 1) , the perfusion rate was adjusted to be slow enough (0.28 ml/ min) to insure complete equilibration between gas and liquid in the silicone tubing, yet sufficiently rapid so that taken to exclude any gas bubbles from the apparatus. The perfusion fluid for both the measurements of tension and oxygen consumption was Krebs-Ringer-bicarbonate saline containing 100 mg/ 100 ml glucose, potassium penicillin G (Pfizer, 250 U/ml), and streptomycin sulfate (Pfi zer, 1 pg/ml).
Krebs-Ringer-bicarbonate buffer, in which all the sodium was replaced with equimolar potassium, was used in several experiments.
Preparation of Ductus Arteriosus for Microscopy
The typical response to oxygen, acetylcholine, and K+-substituted Krebs-Ringer is shown in Fig. 2 . The ductus responded in two contractile phases to a rapid increase in both Paz (complete in 15 set); an initial slow increase in tension was followed by a sudden rapid rise in tension. The rapid rise was composed of small stepwise tension increments that became smaller and more closely spaced as the response progressed.
The stepwise tension increments appeared to fuse into a sustained contractile response. The biphasic nature of the contractile response to oxygen was observed in all but 10 of the 170 preparations studied; in these 10 preparations only a slow rise in tension was observed. As can be seen from Fig. 2, A and B, the duration of the slow phase of the oxygen response was quite variable; nevertheless, there appeared to be a general trend for its duration to decrease after the preparation had stabilized in the organ bath and had contracted and relaxed in response to changes in Paz (see Fig. 2 ). Similar changes were noted by Gilman and Burton (14) for the response of the guinea pig dorsal aorta to oxygen. As seen in Fig. 2A 0.4 mM Xylocaine (see Fig. 6 ). Similar results were obtained with procaine (0.4 mM) and piperocaine (0.3 mM). A marked reversible contraction was initiated by Xylocaine (see Fig. 6 ) as well as the other local anesthetics. These effects were consistently observed in at least three experiments. The addition of tetrodotoxin at low6 g/ml to the organ bath did not itself initiate a contraction and left the response to oxygen unaltered in three of three experiments. The results with tetrodotoxin and local anaesthetics render it unlikely that the oxygen effects require nervous transmission.
Location of oxygen sensitivity by double perfusion. To determine if the oxygen sensitivity of the ductus results from the oxygen-modulated release of "transmitter" by special cells in the adventitia, a study was carried out in which the luminal and adventitial surfaces were exposed to different POT. The results of a typical experiment are shown in Fig. 7 . The tension produced after increasing the Paz of either the inside or outside solutions was considerably less than that produced when POT of both solutions was increased simultaneously.
Of particular importance is the observation that equal but oppositely directed gradients of Paz produced in which POT on the inside and outside of the vessel were varied together is shown in Fig. 8 . The ductus arteriosus exhibits its maximum oxygen sensitivity between 0 and 140 mm Hg. The relation between oxygen pressure and muscle tension was reversible over the range from 0 to 680 mm Hg, Paz. The steady-state tension produced at 680 mm Hg was taken as 100 % tension. The oxygen sensitivity of a ductus arteriosus whose lumen was not perfused was similar to that shown in Fig.  8 except that its response curve was shifted to the right by 40 mm Hg.
E$ects of Inhibitors of Oxidative Phosphorylation on Ductus Arteriosus
The effects of agents which impair oxidative phosphorylation are shown in 475 added and after 30 min the responses to oxygen and acetylcholine were again determined. As can be seen, all of these substances markedly inhibited the contractile response to oxygen and had but a small effect on the response to acetylcholine.
As noted in Table 1 , the difference between the effect on the oxygen and acetylcholine responses is highly significant.
The selectivity of the effect on the oxygen response suggests that these agents specifically affect the mechanism whereby oxygen triggers contraction without affecting the smooth muscle contractile mechanism itself. The results are consistent with the hypothesis that oxygen causes contraction by increasing the turnover rate of the normally coupled cytochrome chain. In order to test this hypothesis and to gain information regarding the nature of the cytochrome component which interacts with oxygen, the effect of carbon monoxide on the oxygen response was measured both in the absence and presence of light. The use of CO was based on its known ability to form a photodissociable complex with cytochrome a3 (22, 41).
Res-onse of Ductus Arteriosus to Carbon Monoxide and Light
The presence of carbon monoxide in the organ bath depressed the oxygen-induced contraction. CO: 02 in a ratio of 8.5: 1 inhibited by 30 % the steady-state contractile response to 70 mm Hg, Paz (28 and 32 % in two different experiments).
As seen in Fig. 9A , the inhibitory effects of CO were reversed bv illumination of the ductus; this photoactivated contraction represents a 90 % reversal of the inhibitory effects of CO. Photoactivated contraction was observed in all four preparations exposed to CO and oxygen. Photoreversal of the inhibition by CO averaged 67 % =t 7
(SEM).
The latency between illumination of the ductus and the onset of the photoactivated contraction ranged from 5 to 15 sec.
In some ductus preparations in the presence of CO and oxygen a small relaxation preceded the contraction in response to light. In the absence of either CO The results obtained with CO and the other metabolic inhibitors suggest that increased activity of the normally coupled cytochrome chain leads to increased tension of the ductal smooth muscle. The reaction between 02 and the terminal oxidase presumably limits the activity of the respiratory enzymes over the range where muscle tension is sensitive to Pea. As seen from Fig. 11 ; as may be seen, increasing
Po2 from 0 to 36 mm Hg led to a 250 mg increase in tension and an uptake of oxygen corresponding to a PO:! difference of 4.0 mm Hg. Although acetylcholine caused a further threefold increase in tension, there was no change in Qo2 as indicated by the constant Po2 difference.
These results support the interpretation that the relationship between PO:! and oxygen uptake reflects a limitation on cellular respiration imposed by oxygen availability.
DISCUSSION
The results obtained with the double-perfused ductus arteriosus indicate a greater sensitivity to oxygen than had been previously reported for isolated preparations (1, 25, 2 1). The present data, taken in conjunction with the active and passive "length-tension" curves of McIntyre (31, 32), indicate that a postnatal increase in arterial Po2 from 30 to 80 mm Hg would be sufficient to initiate closure of the ductus against arterial pressures of up to I 10 mm Hg. Although arterial pressure and Po2 have not been measured in the fetal and neonatal guinea pig, studies in other species suggest that Po2 probably does increase from approximately 30 to 80 mm Hg in the first few hours after birth (9, 10, 24) and that the mean arterial pressure is considerably below 100 mm Hg during that time (9). Thus the observed sensitivity of the ductus to oxygen can account fully for closure of the ductus that occurs in the normal animal within several hours after birth. Previous studies of the effect of Po2 on muscle tension carried out on ring-type preparations yielded oxygen-response curves that were shifted to the right (i.e., in the direction of decreased sensitivity) by 40 mm Hg POT (25, 31) of that obtained for the double-perfused preparation; a similar shift in the oxygen-response curve was observed in the present study when using ductus rings. Double perfusion more closely mimics the perfusion conditions of the ductus in vivo than a ring preparation and thus results obtained with the former have been used in the present calculations.
The basic difference between perfusion of the ductus in vivo and in the double-perfused state is that, in vivo, oxygen is supplied from the adventitial surface by way of the vasa vasorum rather than the bath solution, thus making the diffusion distance for oxygen in vivo even shorter than for the doubleperfused preparation. This would tend, if anything, to increase the slope of the oxygen-response curve in vivo (see discussion of Po2 gradients below) and strengthen the contention that oxygen alone directly initiates closure. After closure of the ductus, oxygen is presented to the vessel only through the vasa vasorum, and in addition the thickness of its wall is increased (18). The vessel would thus be operating on an oxygen-response curve shifted by at least 40 mm Hg Po2 to the right of that shown in Fig. 8 . 
